INTRODUCTION
The seismic reflection method has established itself as an indispensable tool in the petroleum industry with its application in exploration and reservoir monitoring by 4D surveys. This study developed a high-resolution, highprecision MEMS-type accelerometer element ("MEMS sensor" hereafter), which is expected to replace conventional electromagnetic geophones in the near future.
The MEMS sensor is slowly recognised as a viable sensor. Data acquisition systems with MEMS sensors have already been commercialised by ION in US and Sercel in France (Yu et al., 2006; Mougenot et al., 2011) . Shell independently developed a MEMS sensor as well (HP, 2011) .
The authors have developed MEMS sensors and seismographs compatible with them (Aizawa et al., 2011; Kunimi et al., 2009; Sekine et al., 2009) , and demonstrated the ability of acquiring high-quality seismic data with MEMS sensors which require electric power supply (Aizawa et al., 2011; ). However, the noise level of the MEM sensor at that time was as high as -120 to -110dB/√Hz, and the sensitivity was inferior to the conventional geophones.
The development continued from re-examining the shape of the sensor element targeting production of MEMS sensors with a noise level -140dB/√Hz.
DEVELOPMENT OF SENSOR ELEMENT
This research and development chose a three-layer structure with a middle movable electrode layer with a pendulum and supports sandwiched by two fixed electrode layers. The acceleration is detected by variation of static electric capacitance. The movable electrode is made as large as possible to increase electric capacitance. It is held by four supports. The length, width and thickness of the supports were optimised by finite element simulation by Coventor Ware TM , monitoring the variation of static electric capacity and natural frequency. Table 1 shows the result of the simulation.
The calculation was carried out with the gap between the movable and fixed electrodes.constant 3.5μm, considering the balance between sensitivity and risk of sticking. The size of the pendulum of the movable electrode was fixed to 12mm square. The judging criteria of the analysis are a) no distortion on the waveform and b) fidelity in reproducing the vibration, within the resonant frequencies from DC to 250Hz. Another issue is the ease of manufacturing. The shape and balance of the movable electrode pendulum and the limitation in precision of forming the supports by etching were for consideration. Nine sensor elements were made to the specification in Table 1 . Figure 1 shows some of the elements. The elements were glued to a ceramic package, and the package was made airtight by seam welding. The packaging by seam welding was carried out in a vacuum environment so that the air trapped in the cavity could escape.
SUMMARY
Seismic reflection survey is the main technique for exploring the underground. While the position is not expected to change in the near future, the data quality in resolution and S/N ratio is always subject of improvement. The authors have developed the high resolution MEMS accelerometer for oil and natural gas exploration. In this research, the form of a MEMS element, size and electronic circuit were modified to enhance sensitivity of a prototype of MEMS to use in a MEMS accelerometer. The MEMS sensor made as an experiment by this research surpassed -130 dB/√Hz which is the world highest ever by the performance evaluation test carried out. We are striving towards disseminating the developed MEMS sensors. 
PACKAGING Packaging Design
The package is a container of the sensor element. It has connector terminal outside, and the sensor is directly fixed inside the package. As the high-sensitivity MEMS needs near-vacuum working environment, the package is important to keep it air-tight.
The sensor element of this study is packed in a ceramic container with a metal lid. The material for ceramic container and metal lid and the way of sealing them were examined to ensure good frequency response, to reduce Brownian noise and to maintain internal pressure lower than atmosphere. The ceramic container is thus chosen for its excellent sealing property of vacuum packing. Figure 3 shows the ceramic package. 
Examination of the Packaging Pressure Packaging pressure and frequency response
The interior of the sensor element cavity needs to reduce the "squeeze film effect" occurs in the narrow gap between moving and fixed electrodes by drawing air through the pressure adjustment valve to obtain optimum frequency response. It the gap is too small in comparison with the surface area of the movable electrode, damping and air spring effect may occur due to the viscously of the gas in the gap. The viscosity and the compressibility of the gas affect the attenuation coefficient and the elasticity constant of the system, respectively. The simulation in designing is effective to evaluate these influences (e.g. Asanuma, 2005) . The simulation of variation of frequency response by changing internal pressure of the sensor element cavity revealed that the sensitivity increases with lowering the gas pressure over all the frequencies (Figure 3) . The simulation showed the frequency response is flat when the internal pressure is 10Pa, and the magnitude of its peak at the resonant frequency decreases at the same pressure. 
Brownian noise
At the noise level of -140dB/√Hz, which is our target, the minimum noise of MEMS sensor is dominated by the white noise due to collision of gas molecules called Brownian noise. According to Bernstein et al. (1999) , the Brownian noise is described as:
(1) and in the converted acceleration noise it is:
where k=Boltzmann constant (J/K), T=Temperature (K), D=Damping coefficient (kg/s), M=Mass (kg), and G=9.8 (m/s 2 ).
Equation (2) suggests that the greater the damping factor is, the greater the noise becomes. The damping factor depends on the pressure around the movable electrode, and the relationship between the packaging pressure can be found from the simulation of the damping factors under each pressure. Figure 4 shows the relationship between the frequency and Brownian noise from the simulation.
Theoretically, Brownian noise decreases with decreasing interior pressure. The simulation showed the level of Brownian noise is below -140dB/√Hz around the interior pressure 10Pa.
From these examinations, the interior pressure is set to below 10Pa. 
SENSOR CIRCUIT
A full digital circuit to process from variation of static capacitance of MEMS sensor to servo circuit was designed and constructed. Figure 5 (attached at the end) is a block diagram of the entire circuit. The conversion from the variation of static capacitance to vibration is performed by a sensor circuit with a high-speed digital signal processing CPU.
The improvement of sensitivity by -10dB/√Hz was achieved by this full-digital circuit, which replaced all the analogue circuits and reduced noise at A/D convertor.
QUALITY EVALUATION TEST
A series of quality evaluation tests were performed on the newly-developed sensor. The tests included noise evaluation test, comparison with an electromagnetic geophone and existing MEMS sensor on a reflection survey, and relative sensitivity with the existing MEMS by inputting the identical signal.
The noise evaluation test measured, the signal level to 1G for every frequency about vibration measured in a quiet place free of ambient noise. Figure 6 shows the result of the noise test, which demonstrates the noise level is generally130dB/√Hz or lower in the frequency band below 300Hz. Figure 7 shows the comparison of shot record between existing MEMS and newly-developed JOGMEC MEMS sensors. These shot records show almost the same features: the line up of first break, the reflected wave at about 500 ms at offsets 1,000-1200m, the continuity of a successive waveform, surface waves, etc.. 
CONCLUSIONS
The present study successfully developed a MEMS sensor with a quality useable for sensor for seismic reflection survey. This MEMS sensor still has issues of size and power consumption. The authors are committed to continuation of this project for improvement.
